The lack of cell translocation and the resulting formation of nonspreading colonies of mutants of the gram-negative gliding bacterium Cytophagajohnsonae have been correlated with the loss of cell surface features of the organism. These cell surface traits include the ability to move polystyrene-latex beads over the cell surface and the ability to be infected by bacteriophages that infect the parent strain. In order to assess whether these traits reflect structures or functions that actually play a role in gliding, we studied a mutant (21A21) selected for its inability to form spreading colonies; it is deficient in sulfonolipid, lacks bead movement ability, and is resistant to at least one bacteriophage. The provision of cysteate (a specific sulfonolipid precursor) restores lipid content and gliding to the mutant; hence, the lipids are necessary for motility. Growth with cysteate also restores bead movement and phage sensitivity. In order to determine the temporal relationship of these traits, we undertook a kinetic study of the appearance of them after addition of cysteate to the mutant. One predicts that appearance of a trait essential for cell translocation will either precede or accompany the appearance of this ability, while a nonessential trait need not do so. Sulfonolipid synthesis was the only trait that appeared before gliding; this is consistent with its established importance for motility. Bead movement and phage sensitivity first appeared only after gliding started, suggesting that the machinery involved in those processes is not necessary, at least for the initiation of gliding.
Gliding motility in Cytophagajohnsonae is recognized and evaluated by different means. Cells move in groups, known as rafts, away from the point of inoculation to form thin, veil-like colonies with feathery edges. Raft movement can be examined by observing cells on an agar surface with a microscope. Colony spreading can be visualized on solid media (2) . Motility in this organism has been correlated phenomenologically with other characteristics of the bacterium. It has been reported that this motility is reflected in the ability to move polystyrene-latex beads over the cell surface (9, 10) , since mutants lacking this trait are all nongliding (13) . The adsorption of bacteriophages that infect the parent strain was reported to be motility dependent (13) . The parent strain was sensitive to these phages, while the nongliding mutants were resistant because of failure of the phages to adsorb to the mutants' cell surfaces (11) . Biochemical analysis of the cell envelope has revealed the presence of unusual lipids (7) . Subsequent studies have shown that these sulfonolipids are important for gliding motility, since gliding does not take place in their absence; however, when the lipids are restored, gliding motility is also restored (2) . We wished to ascertain whether the other characteristics were actually necessary for gliding to occur.
We used a mutant in which the primary lesion was the inability to make sulfonolipid because it could not make cysteate, a specific precursor of the head group of the lipid. Mutant 21A2I (hereafter called mutant 21 [2, 6] ) is nonspreading, does not exhibit raft movement, does not move beads over its surface, and is resistant to at least one of the bacteriophages that infect the wild type. When strain 21 is grown in the presence of 50 ,uM cysteate, it begins sulfonolipid synthesis and acquires, as well, other parent strain characteristics: bead movement, phage sensitivity, and gliding.
* Corresponding author.
Hence, cysteate actually provides a biochemical switch with which we can "turn on" gliding and all of these other parental traits. We performed a kinetic analysis of the appearance of these parental traits when strain 21 was provided with cysteate, in order to determine whether these other traits actually were necessary for gliding to occur. The reasoning was that if a trait first appeared before gliding started, then it may be significant for gliding, whereas if a trait first appeared after gliding started, then it is not needed for the onset of actual cell migration.
MATERIALS AND METHODS
Bacteria and phage. The parent strain was C. johnsonae ATCC 43786. Mutant 21 has been described previously (2, 6) . Bacteriophage 54 (kindly provided by Jack Pate) has been described previously (13) . All The minimal liquid medium contained 10 mM KNO3, 7 mM K2HPO4, 250 ,uM Na2SO4, and 1% (vol/vol) mineral base (5) (except that all the sulfate salts were replaced with equimolar amounts of their chloride or nitrate counterparts so that the mineral base was sulfur free). No carbon source was added to the minimal medium. Where indicated, sodium cysteate (pH 7.0 and sterilized by filtration) was added to give the desired final concentration (50 ,uM, unless otherwise noted).
Assay for detection of gliding. Microscope slides were sterilized and stored in individual petri plates. When the slides were cool, 3 ml of sterile, molten nonnutrient agar was pipetted onto each. Some slides were coated with nonnutrient agar that contained cysteate. The agar was allowed to harden and dry at least overnight.
The culture (1 ml) in EC medium was centrifuged for 1 min in a microcentrifuge, and the cells were washed twice in the minimal medium lacking a carbon source. The cells were then resuspended in 1 ml of that medium, and 5 p.l of this suspension was applied to a previously prepared agar-coated slide.
The edges of the zone of cells on the agar were observed with a phase-contrast microscope (magnification, x400) to look for projections (rafts of cells migrating outward from the originally smooth edge). In the experiments assaying for the appearance of gliding, the time of appearance of the projections was noted. The edge of the cell mass was photographed.
Assay for bead movement. Polystyrene-latex beads (diameter, 0.26 p.m) were mixed with culture (approximately 50 beads per cell). The cells were observed at a magnification of x400 under a phase-contrast microscope to search for cells moving beads across their surfaces. In the experiments examining the appearance of bead movement, cysteate was added to the culture of mutant 21 at time zero. Fresh slides were prepared every 3 min to ensure that the cells being observed were not anoxic.
Phage adsorption assay. It has been reported by Wolkin and Pate (13) that phage adsorption is motility dependent. Therefore, it was necessary to determine whether mutant 21 was resistant to phage 54 because the phage could not adsorb to the cell or because of some other defect in infection. The assay developed measured the number of infectious centers (cells with adsorbed functional phage or phage-infected cells) trapped on a filter (that retains cells but not phage) after dilution and filtration of an infected culture.
Adsorption assays were performed with cultures in EC medium. The cultures were infected with phage at a multiplicity of approximately one cell to one phage (109 to 1010 PFU/ml). A fresh lysate of phage 54 from an overnight culture was used for each experiment performed, as older lysates yielded nonreproducible results. The mixture (total volume of about 2 ml) was incubated at 25°C in a water bath-shaker.
At selected times, 0.1 ml of infected culture was withdrawn and diluted 1:10,000 with fresh, sterile EC medium, and one ml of the dilution was filtered under vacuum through a 0.45-p.m-pore-size polysulfone filter (Gelman Sciences, Ann Arbor, Mich.) that had been wetted with sterile EC medium. The filtrate was saved and diluted 1:100, and the number of phage was enumerated as described below. The filter was aseptically removed and placed in a test tube that contained 10 ml of sterile EC medium. The tube contents were mixed by vortexing until the cells were removed from the filter (about 1 min). The number of infected cells in the resulting suspension was then determined by using EC medium containing 0.9% agar; the overlay medium (to which the infected cells and parent strain lawn organism were added) was EC containing 0.6% agar. All platings were done in triplicate; the plates were incubated overnight at 25°C. Plaques were then counted, and the numbers of phage or infected cells were calculated.
In order to assay for the appearance of phage sensitivity, cysteate was added to a culture of mutant 21 at time zero. After specific times, 3 ml of culture was withdrawn and placed into sterile microcentrifuge tubes, and the cells were pelleted, washed twice by centrifugation with fresh, sterile EC medium (without cysteate), and resuspended in 3 ml of this medium (again without cysteate). This suspension (2 ml)
was mixed with phage, as described above, for the adsorption assay. In these cases, the adsorption assay itself was performed directly after addition of phage and again after 30 min of incubation with phage, and the numbers of infected cells (and/or cells with adsorbed phage) were compared. 
RESULTS
Cell translocation (spreading) on nonnutrient agar. When wild-type cells that had been growing in liquid medium were harvested by centrifugation and a suspension of the washed cells was deposited on an agar surface to which no nutrients had been added, the translocation (spreading) of cells began immediately. The edge of a zone of cells is shown in Fig. la at about 5 min after cell deposition.
Mutant 21 cells grown with cysteate in the medium behaved in essentially the same manner as the wild type (Fig.  lb) . In contrast, mutant 21 grown with no added cysteate showed no such flares from the edge (Fig. lc) even after 20 min had elapsed. When a suspension of the mutant cells was deposited on nonnutrient agar that contained cysteate, projections from the edge could be seen within 7 min (Fig. ld) , and these projections became more numerous and larger as time elapsed. Acquiition of ability to move polystyrene-latex beads. In contrast to the parent strain, which moves beads over its cell surface, mutant 21 grown with no added cysteate lacks this ability (6) . Not until 13 min after cysteate was added to a growing culture of the mutant could bead movement be detected. At this time, it was necessary to examine 8 to 10 microscope fields (approximately 1,000 cells per field) to find one or two cells that were moving beads. The number of cells on which bead movement could be detected increased with longer incubations with cysteate. Not until about 50 to 70 min (one-half of the generation time) after growth in the presence of cysteate did the behavior of mutant 21 appear virtually indistinguishable from the behavior of the parent strain.
Mutant 21 is unable to be infected by bacteriophage 54. Darren Abbanat had earlier noted in this laboratory (1) that mutant 21 was resistant to several bacteriophages to which the parent strain was sensitive. However, when this mutant was grown in the presence of cysteate, phage sensitivity appeared. In order to determine whether mutant 21 was resistant because of a lack of an apparent adsorption or because of some other defect, the phage-cell interactions of the parent and mutant strains were compared in an adsorption assay.
As shown in Fig. 2 , as the time of incubation with the phage increased, the number of wild-type, infected cells increased (as would be expected) and reached a plateau. Mutant 21 grown with cysteate in the medium behaved similarly. However, mutant 21 (without cysteate) displayed no such increase. Since the enumerations of cells with adsorbed phage were performed on the parent strain, we interpreted the failure of mutant 21 to show any increase in number of phage as being a reflection of its inability to adsorb the phage. We based our supposition on previous studies by Pate et al. (11) . However, we could not rule out the possibility of abortive infection in our procedure. adsorption assay revealed that not until 10 to 20 min of exposure to cysteate did phage sensitivity (which was assayed in the absence of cysteate) become detectable in mutant 21 (Fig. 3) .
Kinetics of sulfonolipid accumulation. (Fig. 4) . The specific content of sulfonolipid increased at a constant rate as time elapsed. At 7 min after cysteate addition (the time at which a modest level of cell translocation on agar surfaces could first be seen), the sulfonolipid content was 10% of that in cells of the parent strain. Effect of cysteate limitation of sulfonolipid content and translocation ability. When mutant 21 was grown with graded, limiting concentrations of radiolabeled cysteate (specific activity, 1 or 10 pCi/[.mol), dose-response relationships resulted between these concentrations and both sul- fonolipid content (Fig. 5 ) and the ability of cells to translocate on an agar surface (Fig. 6) correlates of the gliding motility of cells in the genus Cytophaga. Possible explanations put forth are that the phage receptor is itself necessary for gliding, that movement of the cell surface is necessary to transfer phages to their site of adsorption, or that a moving cell surface is necessary to present the phage receptor (11) . A flowing cell surface has also been implicated in the degradation of chitin (3). Separately, we will report the isolation and characterization of several nongliding mutants of C. johnsonae that are phage sensitive and that can degrade chitin (8) .
What deserves emphasis is that not until the present study have these correlates been anything but correlates-they have not been assessed in terms of cause and effect relationships. This reflects the fact that most, if not all, gliding motility mutants of C. johnsonae have been (except for reversion to the gliding phenotype) noncurable. The use of mutant 21, in which a specific lesion is recognized (the inability to synthesize cysteate, a sulfonolipid head group precursor) and curable, makes possible the study of cause and effect relationships between particular cell features and their relationships to gliding.
Of the motility-related traits examined, only one, sulfonolipid synthesis, preceded the initiation of gliding motility in mutant 21. The ability of cells to move beads over their surfaces and to be infected by bacteriophage was not apparent for at least 10 min after cysteate was available to the cells. It seems reasonably clear, then, that the cell surface features responsible for bead movement and phage sensitivity are not necessary prerequisites for the initiation ofgliding motility. Indeed, it has been reported by Ridgway (12) that bead movement is not related to gliding motility in the filamentous gliding bacterium Flexibacter polymorphus. Any significance of the fact that a very small fraction of the cell population remains able to move beads after growthdilution of cysteate-induced traits is unclear to us but may reflect nonsynchronous cell division. On the other hand, it could be that the components involved in bead movement and phage sensitivity actually do play a role in gliding. They may function in the speed or efficiency of movement; however, they appear not to be necessary for the actual initiation of motility. The presence of sulfonolipid synthesis was the only trait examined that displayed a behavior consistent with a cause and effect relationship with gliding.
The relationship of bead movement and phage sensitivity to the ability of cells to glide and form spreading colonies thus seems to be ambiguous. The temporal sequence of events indicated by these studies does not establish or reveal a mechanism for gliding motility. However, the search for the responsible cellular traits that are the basis for this motility may now be simplified and brought into better focus.
